The isoform A of the insulin receptor (IR) (IR-A) is a bifunctional receptor, because it binds both insulin and IGF-II. IR-A activation by IGF-II plays a role in development, but its physiological role in adults is unknown. IGF-II signaling through IR-A is deregulated in cancer and favors tumor progression. We hypothesized that IGF-II binding to the IR-A elicits a unique signaling pathway. In order to obtain an unbiased evaluation of IR-A substrates differentially involved after IGF-II and insulin stimulation, we performed quantitative proteomics of IR-A substrates recruited to tyrosine-phosphorylated protein complexes using stable isotope labeling with amino acids in cell culture in combination with antiphosphotyrosine antibody pull down and mass spectrometry. Using cells expressing only the human IR-A and lacking the IGF-I receptor, we identified 38 IR-A substrates. Only 10 were known IR mediators, whereas 28 substrates were not previously related to IR signaling. Eleven substrates were recruited by stimulation with both ligands: two equally recruited by IGF-II and insulin, three more strongly recruited by IGF-II, and six more strongly recruited by insulin. Moreover, 14 substrates were recruited solely by IGF-II and 13 solely by insulin stimulation. Interestingly, discoidin domain receptors, involved in cell migration and tumor metastasis, and ephrin receptor B4, involved in bidirectional signaling upon cell-cell contact, were predominantly activated by IGF-II. These findings indicate that IR-A activation by IGF-II elicits a unique signaling pathway that may play a distinct role in physiology and in disease. (Molecular Endocrinology 25: 1456 -1468, 2011)
I
n recent years, the functional role of the two isoforms (A and B) of the insulin receptor (IR) has attracted renewed interest due to the finding that the IR isoform A (IR-A), generated by removal of exon 11, besides binding insulin, also binds IGF-II with high affinity (1) . This IR-A binding feature is not shared by the IR-B isoform that contains the 12-amino acid string encoded by exon 11. IR-A has physiological significance in prenatal life, because its activation by IGF-II plays a crucial role in embryo and fetal development (2, 3) . However, the physiological role of IR-A in adult life remains unclear. In adults, IR-A expression is predominant in nonclassical insulin target tissues (spleen, brain, etc.), whereas IR-B expression is predominant in classical insulin target tissues, such as liver, fat, and muscle. The fact that IR-A is coexpressed with IR-B in these tissues, especially in muscle and fat, remains puzzling (3) .
Limited evidence suggests that the two IR isoforms may activate partially different intracellular signaling and biological effects in response to insulin, at least in some cellular models (4, 5) . However, we hypothesize that the biological significance of the ubiquitous IR-A expression in adult tissues is related with its high affinity for the IGF-II (3) .
IGF-II signaling through the IR-A may play a role in certain diseases, such as type 2 diabetes mellitus and cancer (3, 6) . IR-A is often overexpressed in a variety of human malignancies, and activation of an autocrine IR-A/IGF-II loop is associated with cancer progression and dedifferentiation (1, (7) (8) (9) . Anticancer therapies targeting the IGF receptor (IGF-IR) do not block IGF-II signaling through the IR-A, although they block IGF-II binding to the IGF-IR (9, 10) .
For these reasons, it is important to unravel the intracellular signaling network activated by IGF-II binding to the IR-A. In particular, we asked whether IGF-II signaling through IR-A is unique or just overlaps with insulin signaling. We have previously shown that in mouse fibroblasts expressing only IR-A and lacking IGF-IR (R Ϫ /IR-A cells), IGF-II is a more potent mitogen than insulin (1) and elicits a gene expression profile partially different from that elicited by insulin (11, 12) . We have also found that, in R Ϫ /IR-A cells, IGF-II induces a different balance between the activation of the phosphatidylinositol 3-kinase (PI3K) and the ERK1/2 pathways as compared with insulin. As a consequence, IGF-II stimulates a signaling pattern characterized by increased ERK1/2:PI3K and p70S6 kinase:protein kinase B activation ratios as compared with insulin (13) . To identify new proximal effectors of the IR-A and additional differences between IGF-II and insulin in intracellular signaling, we undertook an unbiased approach aimed at identifying the components of protein complexes differentially activated by stimulation of R Ϫ /IR-A cells with either IGF-II or insulin. We used a mass spectrometry (MS)-based proteomic approach [stable isotope labeling with amino acids in cell culture (SILAC)], which allows comparison between immunoprecipitated proteins from different cell culture conditions (14, 15) . We identified a number of IR effectors previously described in other model systems and also several new effectors recruited by IR-A activation. Although the IGF-II affinity for IR-A is approximately 4-fold lower than that of insulin (1) , some of these effectors were approximately equally activated by the two ligands. Most intriguingly, several other IR-A effectors were exclusively activated or more potently activated by one ligand, either IGF-II or insulin. These findings confirm that IGF-II, via the IR-A, activates a unique signaling pathway, which may play an exclusive role in physiology and disease.
Results

Quantitative SILAC analysis of intracellular mediators after stimulation of R ؊ /IR-A cells by either IGF-II or insulin
To obtain a quantitative and unbiased analysis of the signaling networks activated by IGF-II and insulin upon IR-A binding, we used R Ϫ /IR-A cells. As previously reported, these mouse fibroblasts overexpress the human IR-A (ϳ5 ϫ 10 5 receptors per cell) and lack the IGF-IR. They also express low levels of endogenous IR-A, but no IR-B (13) . Subconfluent R Ϫ /IR-A cell cultures were subdivided in three sets and grown in unlabeled or labeled medium, as indicated in Materials and Methods. After complete labeling, cells of the first set were stimulated with vehicle alone, the second set was stimulated with IGF-II (10 nM) and the third one with insulin (10 nM) for 1 min. Cells lysates from the three different cell cultures were mixed, and tyrosine-phosphorylated proteins were purified by antiphosphotyrosine-antibody pull down, and the proteins were subsequently processed for liquid chromatography (LC)-MS/MS analysis, as described in Materials and Methods (Fig. 1) . The experiment was repeated twice and analyzed as described in Materials and Methods. Representative MS spectra of IR-A substrates are shown in Supplemental Figs. 1 and 2, published on The Endocrine Society's Journals Online web site at http://mend.endojournals.org. By LC-MS/MS analysis, a total of 158 gene products was identified and quantified in the first experiment, whereas a total of 277 gene products was identified and quantified in the second experiment. Proteins, whose recruitment to the phosphotyrosine protein complexes occurred as a consequence of ligand stimulation, were considered effectors of IGF-II and/or insulin in R Ϫ /IR-A cells.
Our approach was aimed at identifying not only proteins phosphorylated in tyrosine residues after stimulation but also proteins that closely interact with direct interactors and are involved in downstream signaling. A total of 38 proteins showed a significant difference after either IGF-II or insulin stimulation; 10/38 of them are known IR mediators (Table 1) , whereas 28/38 represent newly identified effectors of IR-A signaling (Table 2) .
Quantitative analysis of known IR mediators involved in IR-A signaling after stimulation with either IGF-II or insulin
Ten proteins known to be involved in IR signaling were found positively (activated, n ϭ 9) or negatively recruited (deactivated, n ϭ 1) to tyrosine-phosphorylated protein complexes after stimulation with either insulin or IGF-II or both (Table 1) . These findings provided a proof of concept that our SILAC approach was appropriate. As expected, the IR-A itself was the protein with the greatest level of activation as compared with unstimulated cells. The degree of activation was approximately 4-fold higher after insulin than after IGF-II, in accordance with the relative IR-A binding affinity for the two ligands ( Table  1 ). The two immediate IR substrates (IRS), IRS-1 and IRS-2, were also found activated. However, although IRS-1 activation was approximately 4-fold greater after insulin than after IGF-II, IRS-2 activation was only slightly greater after insulin than after IGF-II. Intriguingly, the p85␤ regulatory subunit of PI3K, a major signaling mediator of IR, was approximately equally recruited after IGF-II and insulin stimulation, whereas the PI3K catalytic subunit p110␤ was significantly associated only with IGF-II stimulation (Table 1) .
NCK interacting protein with SH3 domain (SPIN90) also appeared to be activated solely by IGF-II, whereas caveolin-2 and flotilin-2 appeared to be activated solely by insulin (Table 1) . Filamin C was negatively associated with phosphotyrosine complexes only after insulin stimulation.
Quantitative analysis of new mediators involved in IR-A signaling upon IGF-II or insulin stimulation
Twenty-eight mediators not previously directly associated with insulin signaling were identified as positively or negatively recruited to tyrosine-phosphorylated proteins after insulin and/or IGF-II ( Table 2) .
The receptor for hyaluronan (HA)-mediated motility (Rhamm) was approximately equally responsive to both ligands. However, cytoplasmic FMR 1-interacting protein 1, Wiskott-Aldrich syndrome protein family member 2 (WAVE2), Abelson interactor 1 (ABI1), Nck-associated protein (Nckap)1, and F-actin capping protein ␣-subunit were all strongly activated after insulin and weakly activated or nonactivated after IGF-II ( Table 2 ). All these molecules participate in actin cytoskeletal reorganization. Protein kinase C ␦-binding protein, a component of caveolae, was only responsive to insulin.
In contrast, myosin X (Myo10), a protein expressed with a role in filopodia formation, as well as discoidin domain receptors (DDR), transmembrane collagen-binding receptor tyrosine kinases that are involved in the regulation of cell adhesion and migration, were activated predominantly by IGF-II.
The ephrin receptor ephrin type-B receptor 4 (EphB4), which has a crucial role in the regulation of morphogenesis, angiogenesis, and cell migration, and spectrin, a protein involved in the formation of the lateral membrane domain of epithelial cells, were both activated by IGF-II but not by insulin.
Other proteins were negatively recruited to tyrosinephosphorylated protein complexes in response to ligand stimulation. In particular, two of them were responsive to both ligands, five solely to IGF-II, and five solely to insulin ( Table 2) .
The functional classification of these substrates is given in Table 3 .
Western blotting validation of a set of IR-A mediators
A subset of IR-A mediators, significantly modulated after stimulation with either IGF-II or insulin or both, were chosen for validation by Western blot analysis. This subset included three molecules previously known as insulin signaling effectors (IRS-1, IRS-2, and PI3K-p85) and six newly identified mediators (ABI1, WAVE2, DDR1, DDR2, EphB4, and Myo10). The IR-A was studied as control. R Ϫ / IR-A cells were treated with either IGF-II or insulin for 1 min and tyrosine-phosphorylated protein complexes obtained as already described for SILAC. Western blotting data were in close accordance with MS analysis (Fig. 2, A and B) . Nota- bly, IGF-II was clearly weaker than insulin in activating IR-A and recruiting IR-A, IRS-1, WAVE2, and ABI1. However, IGF-II was only marginally weaker or equally potent than insulin in recruiting IRS-2 and p85. Activation of EphB4, Myo10, DDR1, and DDR2 was significant only after IGF-II. Dose-response experiments showed maximal substrate activation at 1-10 nM for both ligands and confirmed the differences previously observed at 10 nM (Fig.  3A) . Time-course experiments showed that maximal activation for IR-A, IRS proteins, p85, and WAVE2 was at 1-5 min after ligand stimulation, whereas it was at 5-30 min for DDR1, DDR2, and ABI1. The differences between the two ligands, however, were generally maintained at all time points (Fig. 3B ).
For all these experiments, we have used R Ϫ /IR-A cells, because the results would not be equally clear in other cellular models coexpressing the IGF-IR, which, by binding the IGF-II, may obscure IGF-II action on the IR-A. However, one may argue whether the activation of these newly identified substrates could be reproduced in a more physiological context where endogenous IR-A and IGF-IR are coexpressed. To address this issue, we evaluated the response of a panel of substrates to insulin and IGF-II stimulation in NIH-3T3 nontransformed mouse embryo fibroblasts and in MCF-7 human breast cancer cells (Fig. 4 ). Both cell lines coexpress physiological levels of endogenous IR and IGF-IR (Fig. 4A) . Moreover, in NIH-3T3 cells IR-A is approximately 70% of total IR, whereas in MCF-7, it is approximately 60% (data not shown). The involvement of newly identified substrates was clearly confirmed both in NIH-3T3 and MCF-7 cells, with IGF-II being mostly as effective or more effective than insulin (Fig. 4 , B and C). Interestingly, in MCF-7 cells, insulin was slightly but consistently more effective than IGF-II in activating EphB4 (Fig. 4C) . However, the coexistence of both IR isoforms and of IGF-IR and IR/ IGF-IR hybrid receptors prevented us drawing any conclusion regarding the specific effect of IGF-II on IR-A in these cell lines. 
Protein network modeling
To highlight signaling differences between IGF-II and insulin, we performed a protein interaction network modeling using Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database, a database dedicated to protein-protein interactions, including both physical 
Discussion
In the present study, we used the SILAC methodology in combination with antiphospho-tyrosine immunoprecipitation and MS to perform an unbiased study to identify mediators differentially recruited to tyrosine-phosphorylated proteins after IR-A stimulation with either IGF-II or insulin. It is noteworthy that most previous studies on insulin signaling (16, 17) , including some recent papers using various proteomic approaches ( (22, 23) , which may also bind insulin, although at low affinity, and affect signaling specificity (24) . No previous study has compared IGF-II and insulin signaling using an unbiased proteomic approach. The two ligands may elicit different biological effects in R Ϫ /IR-A and in other cells, with IGF-II being a more potent stimulator of mitogenesis and migration and insulin being more metabolically effective (1, 7). Interestingly, others have shown that it is possible to design peptides with high affinity for IR-A binding and eliciting high metabolic effects but reduced mitogenesis as compared with insulin (25), thus reinforcing the concept that different IR-A ligands may have divergent biological effects. Our SILAC approach proved to be very effective, because we were able to identify 10 previously known IR mediators as well as 28 new potential IR-A mediators not previously directly associated with insulin signaling. To avoid false positives, we used very conservative thresholds for protein identification in combination with manual inspection of peptide fragmentation spectra. Overall, the number of substrates identified was comparable with that found by studies using a similar approach (19 -21 The potential significance of some of these differences will be discussed. We will first discuss differences related to previously known mediators and then differences related to newly identified mediators. First, we found that IR-A and its immediate intracellular substrate IRS-1 were more effectively activated by insulin as compared with IGF-II. This reflects the relative binding affinities of the two ligands to the IR-A confirming our previous findings (1) . However, the activation of IRS-2 was similar after IGF-II and insulin stimulation, suggesting a preferential activation of IRS-2 by IGF-II, given the lower binding affinity of IGF-II. This finding confirms previous evidences obtained by us and others (1, 13, 26) and suggests that the preferential IRS-2 activation by IGF-II may contribute to downstream signaling differences between the two ligands.
Interestingly, SPIN90, a proto-oncogene tyrosineprotein kinase Src (Src) homology (SH)3 domain-containing protein, implicated in IR signaling was more effectively activated by IGF-II than by insulin. SPIN90 forms a complex with Wiskott-Aldrich syndrome protein and recruits other proteins to Nck1 at focal adhesions after growth factors stimulation and/or cell adhesion (27) .
In contrast, other known IR-A substrates, such as caveolin-2 and flotilin-2, were significantly activated by insulin but not by IGF-II. Both caveolin-2 and flotilin-2 are scaffolding protein and components of the caveolae, which play an important role in the compartmentalization of a variety of signal transduction molecules. The IR itself is specifically recruited within caveolae (28) . Caveo-A C B
FIG. 4. Western blot analysis of the activation of selected IR-A substrates in NIH-3T3 and MCF-7 cells. A, Proteins levels for the IR and IGF-IR in R
Ϫ /IR-A, MCF-7 and NIH-3T3 cell lines. NIH-3T3 (B) and MCF-7 (C) cells were stimulated with either IGF-II or insulin at a concentration of 10 nM for 1 min. Cell lysates were subjected to IP with antianti-pY antibodies and to SDS-PAGE. Filters were then blotted with antibodies against the indicated substrates (left panel). Whole-cell lysates were also analyzed by Western blotting to provide a control for equal loading (right panel). The experiment shown is representative of three independent experiments. IP, Immunoprecipitation.
lin-2 is phosphorylated by insulin stimulation at Tyr19, and this phosphorylation affects the binding of SH2 domain-containing proteins, including c-Src, Nck, and GTPase-activating protein (Ras), and regulates the activity of Ras/ERK and focal adhesion kinase (29) . Flotilin proteins have been involved in glucose transport (30) .
Among molecules more strongly activated by insulin than by IGF-II, we found cell division control protein 42 (Cdc42)-interacting protein 4 (CIP4). CIP4 interacts with neuronal Wiskott-Aldrich Syndrome protein and dynamin-2. A splice variant of mouse CIP4, CIP4/2, was previously identified as a putative TC10 protein effector. TC10 protein, a Ras homologous protein family, is activated by insulin stimulation downstream of E3 ubiquitinprotein ligase CBL phosphorylation and may constitute a second, PI3K-independent pathway, involved in insulinstimulated glucose uptake in adipocytes and myocytes (31) .
Only filamin C, among known IR mediators, appeared to be negatively associated with tyrosine phosphoproteins after stimulation, with statistical significance reached only after insulin. Filamin C is an actin-binding protein, which is serine phosphorylated by serine-threonine kinase in response to insulin stimulation (32) and plays a role in stabilizing actin filaments network. It may also act as a scaffolding protein for signaling components.
In addition to previously described IR substrates, we also identified 28 new IR-A mediators not previously directly implicated in insulin signaling. Many were differentially recruited to phosphoproteins after IGF-II and insulin stimulation. Most of these mediators are involved in important cellular functions, such as cytoskeleton remodeling, extracellular matrix interactions or intercellular interactions.
It is known that insulin induces a rapid remodeling of actin filaments into a cortical network. Actin remodeling may provide a scaffold to signaling molecules and plays a role in cell motility and in endocytotic processes and glucose transporter-4 translocation (33). We found that several components of the WAVE2 signaling complex, which plays a crucial role in actin remodeling, are activated by IGF-II and insulin. These components include WAVE2, AbI1, Nckap1, Sra-1 [Ras-related C3 botulinum toxin substrate 1 (Rac1)-associated protein-1], and protein kinase C ␦-binding protein. WAVE2 is a component of the Wiskott-Aldrich syndrome protein family and, through its C-terminal domain, mediates binding of actin monomers to the actin-related protein 2 (Arp)2/3 complex and consequent induction of Arp2/3 actin nucleating activity (34) . The above-mentioned SPIN90 colocalizes with actin filaments at the leading edges of cells and promotes the activity of WAVE2 complexes by interacting with Arp2/3 (35) . The WAVE2-ABI1-Nckap1-Sra-1 complex exists under basal conditions and is recruited via Rac interaction to lamellipodia, resulting in site-directed nucleation of actin filaments. ABI1 plays a role in connecting WAVE2 to Rac by translocating WAVE2 to the membrane and stabilizing the multiprotein complex (36, 37) . ABI1 also allows Abl-mediated WAVE2 tyrosine phosphorylation (38) , which is required for linking WAVE2 to activated Rac. Because Rac activation may be induced by growth factors, the WAVE2-ABI1-Nckap1-Sra-1 complex has an important role in connecting extracellular signals to actin remodeling (34) .
These components of the WAVE2 multiprotein complex showed quantitative differences in recruitment to phosphoproteins after IGF-II or insulin, suggesting a differential role of these ligands in actin remodeling.
Two other molecules involved in membrane-cytoskeleton interactions, Myo10 and spectrin, were more strongly modulated by IGF-II than by insulin. Myo10 is an unconventional myosin and plays a crucial role in the formation of filopodia, structures with an important role in the regulation of wound healing, angiogenesis, and phagocytosis (39) . Filopodial growth requires actin polymerization, which is stimulated by Arp2/3 activation by the GTPase Cdc42. Myo10 is highly concentrated at the distal tips of filopodia and can promote filopodia formation by a mechanism downstream of Cdc42 (39) . Moreover, Myo10 has pleckstrin homology domains and is a potential downstream target of PI3K (40) . Spectrin associates with ankyrin-G and E-cadherin in formation of the lateral membrane domain of both epithelial cells and early embryos (41) . Loss/derangement of this structure is a characteristic of metastatic cancer cells (42) .
Extracellular matrix receptors, namely, receptors for HA and for collagen, were also recruited to tyrosine phosphoproteins complexes after ligand stimulation. The HA receptor Rhamm was identified in our analysis. Rhamm is expressed at low levels in normal tissues, whereas it is commonly overexpressed in cancer (43) . Upon HA binding, Rhamm activates multiple signaling pathways involved in cell motility, including Ras, c-Src, and ERK1/2 (44). In particular, Rhamm seems to be required for ERK1/2 sustained activation (44) and cooperates with CD44 antigen in promoting motility (45) . For these reasons, Rhamm has been involved in cancer invasion, metastasis, and angiogenesis (46) .
The collagen-binding receptors activated by IR-A stimulation belong to transmembrane tyrosine kinases DDR. Two different genes coding for DDR exist in human, DDR1 and DDR2, which are activated by different types of collagen (47) . Activation of DDR1 regulates cell adhesion, motility, and proliferation by binding a number of different SH2-and phosphotyrosine binding domaincontaining molecules and activating multiple signaling pathways. DDR play a crucial role in growth and vasculature development and are involved in the regulation of cell spreading and migration. In cancer, DDR play a key role in tumor epithelial-to-mesenchymal transition, by promoting a switch from E-cadherin to N-cadherin expression, and increasing invasion and metastasis (48) by stimulation of the tyrosine kinase pyruvate kinase and transcription factor AP-1 NH 2 -terminal kinase and cooperation with integrin-stimulated focal adhesion kinase (47) . To the best of our knowledge, HA receptors and DDR have not been previously directly implicated in insulin signaling. However, both of them may undergo phosphorylation at tyrosine residues (49, 50) .
Rhamm was recruited to phosphoproteins complexes by IGF-II and insulin with approximately similar potency. In contrast, DDR were predominantly activated by IGF-II.
Another new and intriguing finding is the activation of ephrin receptor B4 by IGF-II. Ephrin receptors are receptor tyrosine kinases that bind two distinct types of membrane-anchored ephrin ligands, which themselves act as transmembrane tyrosine kinase signaling molecules and have a crucial role in vascular morphogenesis (51) . Eph receptors, including EphB4, are often overexpressed in a variety of malignancies (52) . No cooperation between Eph receptors and IR has been described yet. Our finding, therefore, requires more work to elucidate the mechanisms by which IR-A may functionally interact with EphB in normal and cancer tissues.
In summary, by using engineered R Ϫ /IR-A cells, we performed an unbiased quantitative analysis of intracellular mediators recruited to tyrosine-phosphorylated protein complexes upon insulin or IGF-II binding to the IR-A. Several previously known and many newly discovered IR-A mediators were identified. Data strongly support the concept that IGF-II, upon binding to IR-A, activates a unique signaling pattern that partially differs from that of insulin. Although the IGF-II binding affinity for the IR-A is lower than that of insulin, the activation of several intracellular mediators is more strongly activated by IGF-II than by insulin. The preferential activation of IRS-2 by IGF-II and of IRS-1 by insulin may play a pivotal role in this differential signaling and biological effects of the two ligands through IR-A. Several of these newly identified substrates are involved in important biological effects, and their role in IR-A signaling needs to be extensively characterized both in normal and cancer cells. The present study opens the way for a better understanding of IGF-II signaling through the IR-A in development and in cancer.
Materials and Methods
SILAC labeling and cell cultures
R Ϫ cells, 3T3-like mouse fibroblasts with a targeted disruption of the igf-ir gene (kindly provided by Renato Baserga, Philadelphia, PA), were cotransfected with the pNTK2 expression vector containing the cDNA for the human IR-A (Ex11Ϫ) and the pPDV61 plasmid encoding the puromicin resistance gene, using the Lipofectamine reagent (GIBCO/BRL, Freiburg, Germany), as previously described (1) . R Ϫ /IR-A cells were cultured in DMEM (4.5 g/liter glucose)-based medium.
To generate triple encoding SILAC conditions, medium deficient in arginine (Sigma-Aldrich, St. Louis, MO) was supplemented with stable isotope arginine (Cambridge Isotope Laboratories, Andover, MA). We used L-13C615N4-arginine (Arg10) for "heavy" labeling, L-13C6-arginine (Arg6) for "medium" labeling, and L-12C614N4-arginine (Arg0) for the "light" condition. The final arginine concentration in medium was 86.1 mg/liter (15) . In each SILAC condition, medium was supplemented with 10% dialyzed fetal bovine serum, with 1% streptomycine/penicillin and 1% L-glutamine (all from Invitrogen). To achieve a complete labeling, cells were grown in parallel in light (L), medium (M), and heavy (H) SILAC medium for more than five generations.
NIH-3T3 mouse fibroblasts and MCF-7 breast cancer cell lines were from American Type Culture Collection (Manassas, VA). Tyrosine-phosphorylated proteins were enriched using two different anti-pTyr monoclonal antibodies coupled to agarose beads, 4G10 (Upstate Biotechnology, Waltham, MA) at a dose of 300 g and RC20 (Biomol, Plymouth Meeting, PA) at a dose of 130 g. After an overnight incubation at 4 C, the precipitated immune complexes were washed three times with lysis buffer and incubated with 100 mM phenyl phosphate in PBS for 15 min. To remove phenyl phosphate, the eluate was dialyzed overnight at 4 C. The dialyzed eluate was concentrated in a vacuum centrifuge to 100 -150 l, boiled in sample buffer, and resolved by 15ϫ 15-cm SDS-PAGE.
Cell stimulation, harvest, and protein enrichment
In-gel digestion
The gel was stained with 0.l% silver nitrate for 30 min at 4 C, the gel lanes were then excised and cut horizontally into 18 sections. Excised sections were resuspended in acetonitrile (ACN) and destained by using 50% ACN and 50% 50 mM ammonium bicarbonate solution. Proteins were reduced by adding 10 mM dithiothreitol in 100 mM ammonium bicarbonate solution for 30 min, followed by alkylation of cysteines by incubation with 55 mM iodoacetamide for 20 min. Digestion was started by adding 12.5 ng/l MS grade trypsin solution. After 2 h, samples were diluted with 50 mM ammonium bicarbonate and 10% c and trypsin was added overnight. Peptides were extracted with 5% formic acid and 50% ACN, dried by vacuum centrifugation, and resuspended in loading pump solvent for LC-MS/MS analysis.
Nanoscale LC-MS/MS analysis
For the first experiment, a quadrupole-time-of-flight mass spectrometer was available for analysis. The second experiment was performed using a mass spectrometer providing higher performance (Orbitrap), in collaboration with M.R.L. of the proteomics group at University of Southern Denmark.
First experiment
Chromatography was performed on an Ultimate nano LC system from Dionex (Sunnyvale, CA), using a vented columnlike setup (53, 54) . The in-gel digests were reconstituted in 40 l of loading pump solvent (see below), centrifuged at 13,000 ϫ g for 10 min. The supernatant (10 l) was loaded onto an inhouse packed 100 m inner diameter (i. MS detection was performed on a QSTAR XL hybrid LC-MS/MS from Applied Biosystems, Inc. (Foster City, CA) operating in positive ion mode, with nESI potential at 1300 V, curtain gas at 15 units, CAD gas at 3 units. Information-dependent acquisition was performed by selecting the two most abundant peaks for MS/MS analysis after a full time-of-flight-MS scan from 400 to 1400 m/z lasting 1 sec. Both MS/MS analyses were performed in enhanced mode (1.5 sec/scan). Threshold value for peak selection for MS/MS was 20 counts. Nano LC-MS/MS data files were internally recalibrated after acquisition by using background ions due to polymethylsiloxane traces, detected in the full scan MS spectrum at medium intensity in absence of eluting peptides. Using a Mascot score threshold of 30, peptide false discovery rate was estimated to be 5.5% using the decoy search option on the Mascot search engine, which allows to perform an auto-mated second search on a randomized database after having performed the first search on the forward database. Identifications with two peptides above Mascot score 30 were considered valid. Only 13 protein identifications among the 158 reported in the final list were based on a single peptide above the significance threshold. They were all subjected to validation by manual inspection of MS/MS data. Proteins identified by a single peptide are listed in Supplemental Table 1 ; their MS/MS spectra are reported in Supplemental Fig. 3 . In case multiple proteins matched the same set of peptides, only one member of the protein group was reported in Tables 1-3. Quantitative analysis was performed by MSQuant software version (II). Bold red peptides above Mascot score 30 were used for quantitation. Data were normalized on the median of the Log 2 of M:L and H:L ratios, respectively. Whenever a protein was quantified by using two or more peptides, the median of M:L and H:L ratios was adopted. Proteins quantified by a single arginine-containing peptide were visually inspected. Significance thresholds for quantitative changes were chosen according to the values calculated by MaxQuant software for experiment 2 (see below). For Arg6 values (IGF-II stimulation), proteins were considered significantly underrepresented when their M:L ratio was below 0.74, whereas they were considered overrepresented when their M:L ratio was above 1.33. For Arg10 values (insulin stimulation), proteins were considered significantly underrepresented when their H:L ratio was below 0.73, whereas they were considered overrepresented when their H:L ratio was above 1.38. The complete list of identified and quantified proteins in experiment 1 is available as Supplemental Table 2 .
Second experiment
Chromatography was performed on an Easy nano LC system from Proxeon (Odense, Denmark). In-gel digested peptides were purified by stage tips (55) . The eluate was lyophilized, reconstituted in 0.3 l of 100% formic acid, and diluted with 5 l of mobile phase A (see below). The peptides were loaded onto a 20 cm long, 100 m i.d., 360 m outer diameter, ReproSil-Pur C 18 AQ 3-m (Maisch) reversed phase capillary column. The peptides were eluted using a gradient from 100% phase A (0.1% formic acid) to 40% phase B (0.1% formic acid and 80% MeCN) over 30 min at 200 nl/min directly into a LTQ-Orbitrap XL mass spectrometer (Thermo Scientific, San Jose CA). The LTQ-Orbitrap XL was operated in a data-independent mode automatically switching between MS and MSMS of the five most intense ions from the MS scan. The signal intensity threshold for selection for MSMS was sat to 30,000 NL, the activation time was 30 msec, and previous selected peptides were excluded for 20 sec.
Data analysis
Raw datafiles from the Orbitrap analysis were analyzed using MaxQuant software (56), version 1.0.13.8. Data were searched on the Mascot search engine (www.matrixscience.com), against the International Protein Index database (mouse version 3.52; 55,303 sequences) using the following parameters. Initial MS tolerance, 10 ppm; MS/MS tolerance, 0.6 Da; fixed modifications, carbamidomethyl; variable modifications, oxidation, acetyl (protein N terminus), Gln-Ͼpyro-Glu (N-terminal Q), and phospho-STY; enzyme, trypsin; maximum missed cleavages, 1; and quantitation, SILAC R6 ϩ R10. False-discovery rate was set at 1%. Significance thresholds for quantitative changes were automatically calculated by the software (56) . For Arg6 values (IGF-II stimulation), proteins were considered significantly underrepresented when their M:L ratio was below 0.74, whereas they were considered overrepresented when their M:L ratio was above 1.33. For Arg10 values (insulin stimulation), proteins were considered significantly underrepresented when their H:L ratio was below 0.73, whereas they were considered overrepresented when their H:L ratio was above 1.38. The complete list of identified and quantified proteins in experiment 2, together with the full set of corresponding peptides, is available as Supplemental Tables 3  and 4 , respectively.
Western blot analysis
Subconfluent cell cultures were incubated in the presence or the absence of either insulin or IGF-II for 1 min. R Ϫ /IR cells, in time-course experiments, were incubated whit insulin or IGF-II (10 nM) for 1, 5, 30 min, whereas dose-response experiments were carried out at 0.1, 1.0, and 10 nM for 1 min.
Cell lysates were then incubated with anti-p-Tyr monoclonal antibodies coupled with G-sepharose beads, as described above, to immunopurify protein complexes containing phosphorylated tyrosine residues, which were then subjected to SDS-PAGE. The resolved proteins were transferred to nitrocellulose membranes and subjected to immunoblotting analysis. Immunoblots were revealed by the enhanced chemiluminescence method (Amersham, Little Chalfont, UK), autoradiographed, and subjected to densitometric analysis. The following antibodies were used: anti-IR␤, anti-IGF-IR␤, anti-␤-actin, anti-WAVE2, anti-ABI1, anti-EphB4, anti-DDR1, anti-DDR2, anti-Myo10 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), anti-PI3K (p85), anti-IRS-1, and anti-IRS-2 (Upstate Biotechnology).
Reverse transcription-polymerase chain reaction
RT-PCR for mouse IR isoforms was carried out with oligonucleotide primers spanning nucleotides 2147-2171 (5Ј-ATC AGA GTG AGT ATG ACG ACT CGG-3Ј) and 2349 -2373 (5Ј-TCC TGA CTT GTG GGC ACA ATG GTA-3Ј) of the mouse IR. PCR amplification was carried out for 30 cycles of 30 sec at 94 C, 30 sec at 60 C, and 45 sec at 72 C in a DNA thermal cycler 9700 (Applied Biosystems, Inc.). After electrophoresis of the PCR products, the 286-and 250-bp DNA fragments represented Ex11 ϩ and Ex11 Ϫ , respectively. RT-PCR for human IR isoforms was carried out as previously described (1) .
Densitometric analysis
Densitometric analysis was performed using ImageJ. Values are expressed as arbitrary units.
Statistical analysis
Experiments were repeated at least three times. Results are expressed as mean Ϯ SEM. All statistical analyses were carried out with GraphPad software (Prism, London, UK). Results were compared using the one-way ANOVA test. Differences were considered statistically significant at P Ͻ 0.05.
Protein network modeling
Network analysis of protein interaction was carried out using the database and web-tool STRING (http://string.embl.de). STRING is a metaresource that aggregates most of the available information on protein-protein associations, scores, and weights it (57). It includes not only functional associations but also physical interactions and information from genes that share similarities in their phylogenetic profiles or display a similar transcriptional response. Information from text mining and interaction transfer between organisms are also integrated probabilistically. Two separate analyses were carried out for either IGF-II or insulin, including all identified mediators that resulted significantly up-or down-modulated by the specific ligand.
